Abstract-This paper demonstrates the exhibition of pulse compression from an electronic circuit with negative group delay (NGD). This circuit consists of a field effect transistor (FET) cascaded with shunt RLC network. Theoretic and experimental investigations have proved that, at its resonance frequency, the group delay of this circuit is always negative. The present study shows that around this resonance, it presents a gain form enabling to generate pulse compression. To validate this concept, as proof-of-principle, devices with one-and twostages FET were implemented and tested. Measurements of the onestage test device evidenced an NGD of about −2.5 ns and simultaneously with 2 dB amplification operating at 622 MHz resonance frequency. In the frequency domain, in the case of a Gaussian input pulse with 40 MHz frequency standard deviation, this resulted in 125% expansion of pulse width compared to the input one. In time domain, simulations showed that the compression was about 80% in the case of an input Gaussian pulse with 4 ns standard deviation. With the other prototype comprised of two-stage NGD cell, the use of a sine carrier of about 1.03 GHz allowed to achieve 87% pulse width compression.
INTRODUCTION
Three decades since the 1980s, various techniques of pulse compression (PC) have been developed at optical-and microwave-wavelengths and with both low-and high-wave power devices in order to convert a long-duration pulse of microwave power into a shorter one. It should be noted that the principles and methods that have been proposed depend on the field of applications [1] [2] [3] . PC was applied, at first, to ultrafast laser systems [4] [5] [6] , and then its use has become more and more common thanks to the development of chirped pulse amplification [7] [8] [9] [10] [11] . Then, PC effect was realized in a Mach-Zehnder-interferometer geometry by passing a broadband ultra-short pulse through two chirped fiber Bragg gratings with different chirp rates [12] . Owing to the great interest for the development of radar and communication systems, the PC has been used to improve the range resolution. In other respects, a microwave pulse compressor based on a passive resonant cavity has been investigated by several authors [13] [14] [15] , in order to increase microwave power. The prerequisites are that the compressor cavity must present a high Q-factor, the constituting waveguides should operate with an oversized mode of the field in order to increase the power strength, and the power microwave sources should be narrow-band. This combination of requirements is ensured in quasi-optical cavities and particularly in ring-shaped multi-mirror cavities, where the energy is sent into the cavity via corrugated mirror [16] [17] [18] . But in practice, the implementation of such a technique remains generally very complicated and at high cost.
Much simpler PC technique based on negative group delay (NGD) structure was recently proposed [19] . Theoretic investigations towards the design of passive- [20] [21] [22] [23] [24] and active- [25] [26] [27] [28] [29] [30] [31] circuits have been made during the last two decades, and the NGD phenomenon has been evidenced by many relevant experiments. In the 1990s [25] [26] [27] ], Chiao's group introduced an NGD topology of active circuit similar to the resonant atomic system with a negative refractive index and based on the use of an operational amplifier in negative feedback with a passive system composed of R, L and C [28] [29] [30] [31] . But, generally, such a topology is frequency-limited and difficultly integrable [25] [26] [27] [28] [29] [30] [31] . In the same period, Lucyszyn and co-workers [20] proposed an NGD synthesizer operating at microwave frequencies. Otherwise, in the early 2000s, Eleftheriades and co-workers introduced a microwave passive circuit exhibiting NGD at some GHz [22] [23] [24] . This circuit was originally deduced from the analogy of the metamaterial composed of an array of thin metallic wires combined with split ring resonators [32] . As demonstrated by Pendry and Smith at the end of the 1990s, these artificial materials can simultaneously exhibit negative permittivity and negative permeability at their resonance frequencies [32] [33] [34] [35] [36] . Nevertheless, these NGD passive structures are not suitable for microwave applications because of the narrow bandwidth and excessive losses systematically associated to the generation of significant NGD. Till 2005, the existing NGD devices were limited in either operating frequency band, or attenuation.
To overcome such problems, a simple topology of NGD active cell depicted in Figure 1 has been proposed and developed [37] [38] [39] [40] . This structure is composed by a field effect transistor (FET) in cascade with shunt RLC series network.
The synthesis relations allowing the calculation of the R, L, and C elements of this NGD cell were established in [38] . The present study demonstrates, at first, by theory and through experiments that, as expected, such an NGD cell can be used to achieve a PC function; the approach is similar to that one developed in [19] . Compared to the other available techniques [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , the presented one is endowed with numerous assets: ease of design, size reduction, implementation at low cost, and ability to compensate for losses and to operate at low and high frequencies.
The theoretic analysis presented in this paper describes why and how this NGD active circuit described in Figure 1 behaves as a microwave compressor. To illustrate this PC effect, a modulated Gaussian pulse centered at the resonance frequency of the NGD circuit is considered. Then, this compression effect is confirmed by a very good agreement found between, at first, the theoretic approach and the results of simulations made with ADS microwave circuit simulator from Agilent TM prior to validation through measurements. Thanks to this PC function, this active circuit could be potentially utilized for the microwave signal integrity improvement. As example, mostly because of electromagnetic dispersion effects, pulse expansions can be induced by the channel dispersion and also the electromagnetic interference (EMI) in certain telecommunication systems. Furthermore, in these areas, the NGD function permits also a priori, to reduce for propagation delay.
For the sake of completeness, pieces of information about the analytical approach of the NGD cell under study and already available in the literature will have to be repeated. Section 2 introduces the expansion of insertion gain |S 21 |, around ω 0 = 1/ √ LC by use of Taylor's series expansion in order to establish the condition required to realize PC with this active cell. To validate the proposed PC concept, simulation and experimental works were performed and discussed in Section 3. Finally, the conclusion of this paper is drawn in the last section.
THEORETICAL EVIDENCE OF THE PC EFFECT
In the same way as in [19] , in order to prove the principle of this compression phenomenon, let us consider the input signal assumed as a modulated Gaussian wave pulse with a carrier angular frequency equal to ω 0 = 1/ √ LC expressed as:
where ∆T x is the standard deviation (half width at 1/e of the maximal input value), t 0 is the central time of the Gaussian and j = √ −1. It ensues that the Fourier transform of such a signal is defined as:
∆T 2
According to the signal processing theory, this function is also Gaussian, and its angular frequency standard deviation is:
It means that the PC in time domain involves a pulse expansion in frequency domain and vice versa. This is why in this study, the standard deviation of the Gaussian output is compared, at first, theoretically, with the input one through the transmittance of the circuit under investigation written as:
. (4) To highlight this analytical approach, let us consider the black box system shown in Figure 2 .
As its transfer function H(jω) is excited by X(jω), the output Fourier transform is:
A simplified and approximated analytical study is proposed hereafter in order to interpret the behaviour of this output in a more logic way. 
where H (ω 0 ) and H (ω 0 ) are respectively the first-and second-order derivatives of |H(jω)| with respect to ω. Then, the application of the same procedure to the transmission phase defined as ϕ(ω) = ∠S 21 (jω) leads to the following approximated expression of the approximated expression denoted ϕ a (ω) given by:
Knowing that at resonance, ϕ(ω 0 ) = 0 and in the vicinity of resonance ω 0 , τ (ω 0 ) ≈ 0 is obtained, this implies that:
It should be noted that higher order terms can be ignored if the input signal bandwidth is small enough. As this phase response is relatively linear, the Y (jω)-magnitude is unaffected. So, the output modulus can be defined as:
(9) By substituting for X(jω) from Equations (2) into (9), the above expression can be rewritten as:
It is worth recalling that through determination the insertion gain magnitude |H(jω)| resulting from Equation (4), it can be established that:
And thus, the output amplitude in Equation (10) can be simplified as follows:
It should also be noticed that according to the value or more precisely the sign of the quantity
In this case, the input bandwidth ∆ω x becomes generally too large. It can be observed that the approximated output expressed in Equation (14) is physically meaningless because the hypothesis of second order limited expansion introduced in Equations (6) and (8) is no longer valid. So, analysis from the exact or more accurate consideration of H(jω) is rather necessary. In fact, it can be found that the |Y (jω)|-behaviour is widely different to the Gaussian spectrum. Hence, there is no conservation of the signal integrity. Therefore, the comparison between the x(t)-input, and y(t)-output pulse widths remains analytically very complicated.
Case 2: ∆T
In this case, mathematically, the singular case of constant spectrum |Y (jω)| ≈ √ 2π|H(ω 0 )|·∆T x appears and by inverse Fourier transform, it implies that in time domain, output signal y(t) is given by:
But, this result is not veritably realistic because first, the input spectrum given by |X(jω)| and then, the output one |Y (jω)| are practically limited in terms of frequency bandwidth.
2.3. Case 3:
The present case constitutes the only adequate requirement permitting to achieve correctly the PC under a practical situation with validity of the second order expansion suggested formerly because the output Fourier transform expressed in Equation (14) behaves as a Gaussian pulse:
having an amplitude:
and an angular frequency standard deviation:
obviously, under the following condition:
Theoretically, by using in Equation (19) the expressions given in expressions (11) and (13), the minimal input standard deviation allowing the generation of compression phenomenon with the cell shown in Figure 1 should be:
Furthermore, it can be observed that under condition (19) , the pulse width is expanded in frequency domain (∆ω y > ∆ω x ).To sum up, the approximated output inferred by inverse Fourier transform of Equation (16) is written as:
it can be seen that this output behaves as a modulated Gaussian whose standard deviation is:
So, under the condition set in Equation (19) , the objective of the study expressed as ∆T y < ∆T x . Hence, practically, it means that the pulse width is compressed in time-domain. Furthermore, compared to input signal x(t), output signal y(t) is amplified by the quantity:
However, as reported in [19] , it is worth underlining that when ∆T x approaches to ∆T x min , a significant PC occurs. At this stage, prior to the discussion of our experimental results, let us describe the design process of the NGD devices presented in this paper.
VALIDATIONS OF THE PROPOSED PC CONCEPT
First and foremost, the simulations and designs of the tested circuits presented in this section were performed with microwave and electronic simulator ADS from Agilent TM .
Design Process
The flow chart shown in Figure 3 summarizes the sequence of actions developed to design the NGD active circuits. It should be noted that the process proposed in this paper is well-suited to the use of classical electronic circuit commercial simulators/designers. Moreover, we should keep in mind that the design of complex circuits such as those found in most of the microwave active devices requires the use of speed computers, and the tools available for computation can sometimes affect the responses obtained from simulations. The technique used to design these devices is similar to the well-known cases of modern classical microwave devices as filter, amplifier, coupler. . . . At first, the electrical requirements have to be tight to meet the pre-set frequency response, in particular the fixed NGD level. Then, an ideal-circuit model can be drawn by using the synthesis relations introduced in [37, 38] . To be more realistic, it is worth taking into account a reliable (complete linear or non-linear) model of the employed FET including bias network, the effects of layout interconnect lines and the actual manufacturing details. So, the use of an electromagnetic simulation tool such as Momentum from ADS is necessary to reach good performances. To get acceptable final responses, numerical optimizations may be needed prior to implementation and measurements.
To verify the aforementioned theoretical predictions about pulse signal compression as proof-of-principle, two different devices were designed, fabricated and studied; they consisted of a NGD circuit with an FET and three resonant cells in cascade and a two-stage NGD active device investigated in [37] [38] [39] . The transconductance g m = 226 mS and the drain-source resistance R ds = 27 Ω were extracted through the FET ATF-34143 S-parameters of the non linear model provided by the manufacturer. Therefore, one gets the S-parameter measurement results viewed in Figure 5 . Figure 5(a) shows that, in a frequency band of about 135 MHz width centered at around 622 MHz, the gain and group delay are better than 2 dB and −2 ns, respectively. In the same frequency band, Figure 5(b) indicates that the matching level for this NGD device is better than −9 dB.
Experimental Results with
In order to better understand the significance of these frequency results, time-domain measurements were made with a modulated Gaussian wave pulse (8.4 ns as standard deviation) having at 622 MHz carrier. Figure 6 shows that the output behaves as a Gaussian pulse, slightly compressed because of the gain shape around the resonance.
The presented transient simulation was run using the measured S-parameters and a Gaussian input pulse with standard deviation was ∆T x = 4 ns and modulated by a sine carrier frequency, f 0 = 622 MHz according to the configuration shown in Figure 2 . In frequency domain, it gives a Gaussian pulse with ∆f x = 40 MHz as frequency standard deviation. Consequently, as shown in Figure 7 , the resulting output spectrum can be approximated to a Gaussian pulse with a frequency standard deviation of about ∆f y = 50 MHz (or ∆T x = 3.3 ns).
The output pulse width is thus expanded about 125% and amplified about 3.86 dB with respect to the input pulse one. As plotted in Figures 8(a) and 8(b) , a PC with a 1.5 ns time advance of the output envelop pulse maximum, compared to the considered input envelop.
It is important to note that the gain of the voltage plots shown in Figure 6 is lower than that of Figure 8 because the frequency spectrum of the input signal shown in Figure 8 is larger (inversely proportional to the time-domain pulse width). So, according to "V" form of the gain, it enables to interact with wider bandwidth where the gain is higher.
To demonstrate the feasibility of this compression technique at higher frequencies, another prototype consisting of a two-stage of NGD circuit that operates at about 1 GHz was also investigated. Figure 9 represents the schematic of the fabricated two-stage NGD device [37, 38] fed at V ds = 3 V and I ds = 30 mA. It is based on the use of the FET EC-2612 manufactured by Mimix Broadband TM with the characteristics g m = 98.14 mS and R ds = 118.6 Ω. To ensure input matching, a resistance R i = 75 Ω, was connected in shunt at the input of the circuit.
Evidence of Pulse Signal Compression with Two-stage NGD Device
The experimental results of the tested device presented in [37, 38] show an NGD in the frequency band around 300 MHz and centred at about 1.03 GHz. In addition, in this frequency band, the insertion gain displays the form favorable to exhibit pulse compression. As performed previously, the measured S-parameters were used to get a transient simulation with a modulated Gaussian input wave pulse with ∆T x = 4 ns and centered at 1.03 GHz. Figure 10 (a) depicts the obtained results, and it shows that the output behaves also as a Gaussian wave pulse modulated at the same carrier frequency. Figure 10 (b) demonstrates that, in addition to the advance of peak and fronts of the output envelopes, the pulse width compression, from ∆T x = 4 ns and ∆T y = 3.5 ns, is 87.5%.
CONCLUSION
A technique of microwave pulse signal compression for the modulated signal is reported. It is based on the use of an active cell composed of an FET in cascaded with shunt RLC resonant network. As introduced in [37] [38] [39] [40] , this cell generates a group delay always negative at its resonance frequency. In addition, as demonstrated in this paper that through analytical studies, because of its insertion gain form, this circuit is also susceptible to compress pulse RF signals.
Compared to the pulse compressors available in the literature [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , the technique reported here offers considerable benefits in terms of application. First, it is practically less complicated and can be implemented with compact-size devices; Furthermore, it presents a flexibility to operate both in narrow and as well as in wide frequency bands. The presented prototypes are with about 2 cm × 2 cm dimensions and with cost lower than twenty euros in hybrid technology and hopefully cheaper in other technologies. Most importantly, compared to the topology of NGD active circuit used in [19] , the topology presented in this paper is susceptible to operate at higher frequencies and integrable. This makes this technique potentially useful notably in microwave engineering as radar system applications.
To validate this concept, as proof-of-principle, two different prototypes of NGD hybrid planar circuit working at 622 MHz and 1.03 GHz were designed and tested. It was demonstrated that these devices generated an NGD and gain around their resonance frequencies. In addition, PC was successfully evidenced in time domain through the use of transient simulations executed with a commercial circuit simulator and based on measured S-parameters. When the prototypes were excited by a modulating Gaussian pulse with 4 ns standard deviation, it was proved that the widths of the output pulse are compressed about 80%.
Thanks to this compression function, the active circuit investigated is potentially interesting especially for the enhancement of the signal integrity through the reduction of the inter-symbol interference (ISI) in the numerical and telecommunication channels.
Investigation about the design of NGD pulse compressors and able to operate at higher frequencies through the use of distributed elements is in progress. I believe that, thanks to this compression function, it should be worth using the presented NGD topology to compensate for dispersion effects.
